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Abstract 


^An  experimental  investiqation  of  the  effects  of  surface 
rouohness  on  flow  at  hiqh  Reynolds  number  over  compressor 
outlet  guide  vanes  at  hioh  turning  angle  in  a  2-0  cascade  was 
conducte^at  the  Air  Force  Institute  of  Technology  Cascade 
Test  Facility.  A  VACA  64  Series  airfoil  with  a  design  lift 
coefficient  of  0.9  and  a  thickness  of  5.5  percent  was  tested 
at  a  solidity  of  1.5  and  a  27  degree  angle  of  attack. 

^  Two  models  of  roughness  were  tested:  one  smoother  and 
one  rougher  than  actual  compressor  vanes.  Pour  configurations 
of  roughness  were  evaluated:  pressure  and  suction  sides 
smooth,  pressure  and  suction  sides  rough,  pressure  side  rough 
with  the  suction  side  smooth  and  suction  side  rough  with  the 
pressure  side  smooth;^ 

Hot  film  sensor  an^sioroetry  was  used  to  determine  the 
velocity  and  turbulence  intensity  in  the  flow  field  behind 
the  vanes.  The  section  coefficient  of  drag  was  calculated 
based  on  momentum  deficit  theory. 

Roughness  was  determined  to  effect  the  flow  through  an 
increase  in  the  coefficient  of  drag  and  changes  to  the 
magnitude  and  profiles  of  the  velocity  and  turbulence 
intensity.  The  greatest  effect  was  causei  by  roughness  on  the 
suction  side  of  the  vane  with  a  smooth  pressure  side. 


■n'» 


I.  Introi^uction 


Background 

The  need  for  increased  turbine  engine  efficiency  of 
operation  along  with  reduced  manufacturing  and  maintenance 
time  has  become  of  prime  interest  within  the  aerospace 
industry  due  to  recent  escalation  of  fuel  and  labor  costs. 
The  Air  Force  usage  of  aviation  fuel  is  in  excess  of  3.6 
billion  gallons  each  year  at  a  cost  of  over  5  billion 
dollars.  Maintenance  manhours  resulting  in  the  expenditure  of 
hundreds  of  millions  of  dollars  added  to  this  cost  produce  a 
situation  where  a  small  percentage  of  saving  can  result  in 
large  returns. 

The  aircraft  turbine  engine  compressor  is  a  key 
component  where  there  is  potential  for  significant  savings 
resulting  from  small  increases  of  efficiency.  Determination 
of  the  effects  of  compressor  blade  and  vane  surface  roughness 
on  engine  performance  would  provide  a  basis  for  increased 
efficiency  of  operation  with  resultant  cost  savings  brought 
about  by  the  reduction  of  fuel  consumption.  Additionally, 
surface  finish  requirements  directly  affect  the  initial 
manufacturing  standards  of  these  components  while  also 
establishing  the  ammount  of  overhaul  and  maintenance  needed. 

The  establishment  of  a  technicallv  substantiated  surface 
finish  requirement  for  compressor  blades  and  vanes  is 
critical  to  the'  realization  of  both  optimized  engine 
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performance  and  efficient  labor  utilization.  This  can  only  be 
achieved  once  the  effects  of  roughness  on  the  flo*/  are 
quantified. 

Objectives  and  gcope 

The  objective  of  this  investigation  was  to  determine 
roughness  effects  on  the  performance  of  comoressor  outlet 
guide  vane  airfoils  at  high  turning  angle  in  flow  with  a 
Reynolds  number  in  excess  of  one  million.  A  NACA  64  series 
airfoil  with  a  design  lift  coefficient  of  0.9  and  a  thickness 
of  5.5  percent  was  tested  in  a  two-dimensional  cascade  v;ith  a 
solidity  of  1.5  at  27  degrees  angle  of  attack. 

Two  different  orders  of  surface  roughness  were  tested  in 
four  configurations:  oressure  and  suction  sides  smooth, 
pressure  and  suction  sides  rough,  suction  side  rough  with 
pressure  side  smooth  and  pressure  side  rough  with  suction 
side  smooth. 

The  .’ethod  of  investigation  was  to  measure  the  flow 
velocity  behind  an  airfoil  in  the  cascade  with  a  hot  film 
anemometer  sensor  and  calculate  the  turbulence  intensity.  The 
velocity  orofile  was  then  used  to  calculate  the  coefficient 
of  drag  based  on  the  momentum  deficit  in  the  flow  brought 
about  bv  the  airfoil. 

The  figures  of  merit  chosen  to  evaluate  the  effects  of 
roughness  on  the  flow  were  the  section  coefficient  of  drag 
along  with  the  velocity  and  turbulence  intensity  profiles. 


II. THEORY 


Momentum  Deficit  an*3  Profile  Drag 

The  theory  of  wake  survey  measurement  provides  that  air 
flow  past  an  airfoil  exoeriences  a  loss  in  momentum  which  is 
equal  to  the  profile  drag  of  that  airfoil.  This  is  exoressed 
mathematically  by: 

D-fp\/{\irV)  <JA 

a  (1) 


where  D  is  draq,  Vo  is  initial  airsoeed  in  front  of  the 
airfoil,  V  is  the  airspeed  at  an  observation  ooint  in  the  wake, 
and  dA  is  defined  as  a  small  area  of  the  wake  perpendicular  to 
the  airstream  (Ref  9:165-168).  The  dran  may  be  converted  to  the 
coefficient  of  draq  through  the  following  relation: 

=  -  ^  ■  ,2, 

P/2K^S 

where  R  is  the  area  of  the  airfoil.  This  relation  may  be 
reduced  to  one  dimension  by  assuming  a  unit  section  of  airfoil 
for  which  S=Chord  x  1  and  dA=*dy  as  exoressed  by: 

J/  '3' 

Substitution  of  the  yalue  for  the  chord  length  of  2  inches 
reduces  the  relation  for  the  section  coefficient  of  drag  to  the 
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> - m  itfi-ilTr  I  *11.^ 


final  form  of 


^  =I(vr^  J/  c> 

This  integral  may  be  numerically  evaluated  across  the  data 
plane  with  dy  as  the  step  size  in  the  y  direction  using 
Simpsons  Pule  (Pef  1:148-151). 

The  drag  coefficient  is  a  fiaure  of  merit  for  a  given 
airfoil  and  may  be  used  to  evaluate  the  effects  brought  about 
by  surface  roughness. 

Surface  Roughness  and  Model  Definition 

Surface  roughness,  the  technical  definition  of  surface 
texture,  is  defined  as  the  finer  irregularities  in  the 
repetitive  or  random  deviations  from  an  intended  surface 
contour  (Pef  2:2).  This  constitutes  a  series  of  peaks  and 
valleys  aloncf  the  surface,  '^he  overall  order  of  these  peaks  and 
valleys  is  expressed  as  the  arithmetic  averane  roughness.  Pa, 
as  defined  by; 

Ro=  l/|x|  dx  ,5) 

where  Pa  is  the  arithmetic  average  deviation  from  the  intended 
surface  contour,  v  is  the  heiaht  above  or  below  the  centerline, 
and  L  is  the  sampling  length.  Figure  1  illustrates  the  basis  of 
arithmetic  average  roughness  (Pef  2:3). 
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Figure  1.  Arithmetic  average  roughness 


Although  a  valuable  measurement  parameter,  arithmetic 
average  roughness,  of  itself,  does  not  adequately  define  the 
hydrodynamic  character  of  a  surface  (Pef  3:10),  Fluid  flow 
across  a  surface  with  a  given  roughness  is  most  affected  by  the 
largest  of  the  peaks  and  valleys. 

Further  definition  of  the  surface  character  is  given  by 
the  measurement  of  the  average  of  the  maximum  peak  to  valley 
measurements  for  a  series  of  given  lengths  alona  a  surface  as 
shown  in  Figure  2.  This  measurement,  refered  to  as  Rtm, 
provides  a  more  accurate  measure  of  the  hydrodynamic  character 
of  a  surface  (Pef  3). 

A  definitive  evaluation  of  surface  texture  results  from 
the  measurement  of  the  arithmetic  average  roughness  Ra,  in 
coniunction  with  the  average  of  the  maximum  peak  to  valley 
measurements, Rtm.  The  calculation  of  Rtm  (throuah  the  use  of 
equation  6)  makes  use  of  data  from  the  roughness  trace  as 
illustrated  in  Finure  2  (Pef  4). 
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It  can  be  seen  that  this  parameter  is  calculated  from  values  of 
the  maximum  peak  to  valley  distance  for  each  of  five  lengths 
alona  the  surface. 

The  combination  of  arithmetic  average  roughness ,Ra ,  and 
Ptm,  the  average  maximum  peak  to  valley  dimension,  define  the 
characterization  of  hydrody nami  ca  1  ly  effective  surface 
roughness  in  this  investigation, 

P  baseline  surface  character  was  determined  from  a  survey 
of  actual  comoressor  blades  end  vanes.  The  measurement  of 
arithmetic  average  roughness  correlated  well  with  the  survey  of 
Stiles  (Pef  2).  Further  definition  of  the  surface  character  was 
performed  through  measurement  of  the  parameter  Rtm, 

With  this  known  surface  definition  of  actual  vanes,  test 
vanes  were  made  both  smoother  and  rougher  by  a  considerable 
degree.  Table  T  nresents  the  results  of  the  surface 
char acter iza tons  of  the  baseline,  smooth  and  rough  vane 
surfaces.  There  are  obvious  differences  in  the  magnitudes  of 


the  rouqhness  parameters  between  the  three  surface  models. 

Comparison  of  the  smooth  vane  model  v/ith  the  vane  and 
blade  surfaces  surveyed  by  Stiles  reveals  that  the  smooth  vanes 
tested  in  this  invest iqation  were  smoother  than  any  blades  or 
vanes  of  either  new  or  used  condition,  "^his  was  desired  to 
provide  as  absolute  as  possible  a  set  of  data  for  the  ourpose 
of  determining  the  effects  of  rouqhness  on  blade  performance  in 
the  cascade. 

'T’he  rough  vanes  tested  were  of  the  same  order  as  the 
rouohness  of  used  blades  and  vanes  from  actual  compressors.  The 
smooth  and  rough  vane  surfaces  used  for  this  investigation 
effectively  bracketed  the  actual  vane  surfaces  in  the 
measurement  of  »>a  and  Ptm. 

»  oualitative  analysis  of  surface  texture  was  performed 
through  tracing  the  surfaces  of  the  baseline,  smooth,  and  rough 
vane  surfaces.  Fiaure  3  presents  representative  traces  of  the 
three  surfaces. 

The  smooth  vane  surface  can  be  seen  to  be  both  smoother 
and  more  uniform  than  the  baseline  vene  surface.  These 
rrualities  provide  a  less  hydrodynamically  distrubinq  surface  to 
the  flow.  The  rough  vane  surface  is  both  considerably  rougher 
and  more  random  than  the  baseline  vane.  This  produces  a  surface 
which  is  more  hydrodynamically  disturbing  than  either  of  the 


other  two  surfaces 
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III.  FXPERIMFNT;»L  EOUIPMPrTT  AMD  MFTMOD 


Cascade  Tert  Facility 

The  Cascade  Test  Facility  at  the  Air  Force  Institute  of 
Technology  School  of  Fnqineerino  was  used  for  this 
investigation.  This  facility  consists  of  a  flov;  supoly  system 
coupled  to  a  diffuser/stilling  chamber  which  provides  flow  at 
Peynolds  number  in  excess  of  one  million  oer  foot  to  a  16 
souare  inch  test  section  as  reported  in  detail  by  Allison 
(Pef  5)  . 

Source  air  was  filtered  throuoh  an  electrostatic  cleaner 


in  combination  with  a  series  of  fiber  filters  after  which  it 
was  conditioned  by  a  flow  straightner  before  entering  the 
test  section,  '^’he  facility  provided  an  air  supply  with 
adecuate  cleanliness  and  turbulence  intensities  on  the  order 
of  1  percent  for  the  purpose  of  hot  film  sensor  anemometrv 
investigation  of  flow  fields. 


Te s t  Section 

"he  test  section  was  designed  as  a  two-dimensional 
outlet  guide  vane  cascade  containing  7  MACA  64  series 
airfoils  v;ith  a  design  lift  coefficient  of  O.p  and  thickness 
of  5.5  percent.  'T’he  2  inch  chord  bv  2  inch  width  vanes  v;ere 
made  from  casting  eooxy. 

The  testing  conf iguration  was  specified  bv  an  aspect 
ratio  of  1.0,  a  solidity  of  1.5  and  a  vane  angle  of  attack  of 
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27  degrees,  ''’he  vane  spacing  was  1.333  inches. 

A  computer  controlled  traverser  was  used  to  position  the 
hot  film  sensor  probe  suooort  in  the  flow.  Data  was  taken  in 
a  plane  perpendicular  to  the  flow  direction  at  each  of  5 
locations  behind  the  center  blade.  These  data  planes 
correspond  to  locations  along  the  flow  of  .125,  .625,  1.125, 
1.62  5  ,  and  2.125  chord  1 e no t h s ( c  =  2 i no h e s )  .  Fiaure  4 
illustrates  the  test  section  setup  and  the  '^ata  plane 
locations. 


Figure  4.  "’est  Section  and  Data  °lanes 

One  hundred  '^ata  ooints  were  taken  along  each  olane  at  a 
Eoacina  of  .01  inches  in  the  Y-direction.  This  provided  a 
survey  of  both  the  free  stream  and  vane  vjake  flows. 


Instru"'ent?  tion 


A  TSI  ipodel  1241-10  End  Plow  hot  filrfi  nenpor  operated  by 
two  TSI  model  1050  Constant  Temperature  Anemometers  was  used 
to  survey  the  flow  field.  Velocity  and  turbulence  intensity 
^n  both  the  X  and  Y  directions  were  obtained.  The  test 
section  inlet  velocity  was  calculated  based  on  the  stilllnq 
chamber  total  temoerature  and  pressure  alone  with  the  static 
nressure  at  the  inlet  to  the  cascade  as  measured  by 
thermoucouclcs  and  pressure  transducers.  Free  stream  mean 
velocity  was  calculated  based  on  the  stillinq  chamber  total 
pressure  and  temperature  alonq  with  the  static  pressure 
measured  at  each  of  the  five  data  planes.  T’hese  static 
pressures  were  measured  from  ports  alone  the  side  walls  of 
the  test  section.  ’'11  velocities  calculated  were  based  on 
assuminq  a  condition  of  incompressible  isentropic  flow. 

'’’he  use  of  stillina  chamber  total  pressure  was  based  on 
a  pressure  survev  of  the  flow  field  in  the  test  section.  The 
difference  between  the  actual  total  pressure  and  the  chamber 
total  pressure  was  determined  to  be  less  than  one  half  of  one 
Percent.  This  resulted  in  an  error  in  the  calculation  of  the 
velocity  of  less  than  0.1  percent. 

Pata  ’'cpuisition  and  Process  im 

Data  acquisiton,  manaqement  and  reduction  were  all 
performed  bv  a  computerized  data  acqusition  system  intenrated 
into  the  Cascade  Test  Facility  (Pef  7).  The  data  acouisition 


system  and  constant  temperature  anemometers  were  located  in 
an  environTrentallv  controlled  room  adjacent  to  the  Cascade 
Test  Facility.  The  controlled  environment  was  necessary  to 
reduce  the  effects  of  ambient  temperture  fluctuations  on  the 
resistance  of  the  bridoe  circuit  of  the  anemometer. 

The  computer  system  directed  the  traverser  to  each 
discrete  data  location  and  used  a  scanner  to  step  the 
voltmeter  through  the  channels  to  record  all  output  from  the 
anemometers,  thermocouples,  and  pressure  transducers.  The 
digitized  voltage  measurements  for  each  test  were  stored  in 
core  then  v/ritten  onto  magnetic  storage  discs,  "hese  voltages 
v;ere  later  converted  to  velocities,  pressures,  temperatures 
and  turbulence  intensities  along  with  other  performance 
indicators,  '^he  reduced  data  was’  printed  out  in  a  format  as 
indicated  in  Appendix  All  plots  were  done  on  a  graphics 
plotter  integral  to  the  system. 

Hot  Film  Sensor  Calibration  and  Correction 

The  hot  film  sensor  was  calibrated  using  a  temperature 
compensation  routine  developed  by  Pivir  and  Vonada  (Pef  6? 
Pef  7).  This  compensation  corrected  for  variations  in  the 
heat  transfer  of  the  sensor  resulting  from  changes  in  fluid 
temperature  which  caused  an  error  on  the  order  of  5  percent 
in  measured  velocity  (Pef  10).  Accuracy  to  within  5  to  7 
percent  error  vras  attained  using  this  correction. 

This  remaining  error  was  caused  by  uncontrollable 


variations  in  test  section  air  humidity  (Pef  8) .  »  further 
correction  to  the  velocity  measured  by  the  hot  film  sensor 
was  performed  based  on  the  free  stream  velocity  in  the  flow 
field.  A  pressure  survey  test  was  performed  at  each  of  the 
data  planes  usinq  a  total  pressure  probe.  Plow  field 
velocities  were  calculated  using  the  measured  total  pressure 
along  with  the  total  temperature  of  the  stilling  chamber  and 
the  wall  static  pressure  for  each  data  plane.  A  successive 
test,  under  the  same  conditions,  was  then  performed  using  a 
hot  film  sensor.  The  velocities  measured  by  the  hot  film 
sensor  and  derived  from  the  total  pressure  at  each  point  in 
the  free  stream  were  then  compared,  a  correction  factor  was 
defined  as  the  difference  between  the  velocity  measured  by 
the  hot  film  sensor  and  the  total  pressure  probe  derived 
velocity  with  the  total  pressure  probe  derived  velocity 
assumed  correct.  As  indicated  above,  the  stilling  chamber 
total  pressure  mav  be  used  with  the  data  plane  static 
pressure  to  determine  the  velocity  with  very  small  error, 
"therefore,  use  of  the  chamber  total  pressure  permitted 
calculation  of  the  correction  factor  for  each  data  noint  to 
adjust  the  velocity  measured  by  the  hot  film  sensor.  This 
allowed  a  continuous  check  on  the  integrity  and  reliahilitv 
of  the  velocity  measured  by  the  hot  film  sensor.  Correction 
of  the  velocity  in  this  manner  was  effective  in  reducing  the 
errors  of  measurement  induced  by  humidity  to  less  than  one 
half  of  one  percent. 
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Roughness  Mooels 

A  baseline  survey  of  actual  compressor  blades  and  vanes 
was  used  to  establish  the  surface  character  of  operational 
components  (Pef  2)  .  Two  roughness  models  were  used  for  the 
experimental  Investiaa t ion;  one  significantly  smoother  and 
one  significantly  rougher  than  the  blades  and  vanes  found  in 
actual  compressors.  In  order  to  simulate  roughness  on  the 
test  vane  surfaces,  the  vane  specimens  were  sanded  with  80 
grit  sandpaper,  first  in  the  chordwise,  and  then  in  the 
spanwlse  direction.  This  produced  a  surface  which  exibited  a 
character  which  would  have  a  definite  hydrodynamic  effect  on 
the  flow  over  the  vanes  based  on  the  values  of  Pa  and  Ptm. 
Smooth  surfaces  were  created  through  polishing  the  mold  used 


for  casting  of  the  vanes. 

Pour  configurations  of  surface  roughness  were  tested: 


smooth  pressure  and  suction  sides,  roughness  on  both  the 
pressure  and  suction  sides,  roughness  on  the  pressure  side 
v/ith  a  smooth  suction  side,  and  roughness  on  the  suction  side 
with  a  smooth  pressure  side,  “nhese  configurations  were  chosen 


to  determine  the  effect  of  rouohness  relative  to  a  baseline 
of  a  smooth  configuration  under  the  operating  conditions  of 
high  Reynolds  number  and  high  turning  angle. 


..'W'-rer-'W 


Prof ilorreter  and  Surface  ^eaFureinent 


Surface  roughness  was  measured  with  a  Rank  Taylor  Hobson 
Surtronic  3  Profilometer  in  combination  with  Parameter  and 
Recorder  Modules.  P  variable  reluctance  nick-uo  v/ith  a  200 
micro  inch  tip  radius  diamond  stylus  was  used  for  all  work 
for  this  investigation.  'Measurements  v;ere  made  of  arithmetic 
average  roughness, Ra,  and  average  peak  to  vallev 
dimension, Ptm.  Tn  addition,  traces  of  the  actual  surface  were 
made. 

Roth  the  pressure  and  suction  sides  were  surveyed  in 
the  chordwise  and  soanwise  directions  at  50  percent  span  and 
each  of  25,  50,  and  75  percent  chord,  p  measurement  sample 
length  ,L,  of  0.01  inches  was  used  and  all  measurements  were 
recorded  in  micro  inches,  '^wenty  five  points  were  taken  at 
each  loacation  for  a  total  of  300  data  points  for  each  vane 
in  order  to  determine  the  surface  character  of  each  test 
vane. 

Performance  Fvaluation 

Evaluation  of  the  effects  of  surface  rouohness  was  based 
on  the  calculation  of  the  coefficient  of  drag  of  the  various 
airfoil  sections  alona  with  an  evaluation  of  the  velocity  and 
turbulence  intensity  profiles  of  the  flow  field,  mhese 
factors  were  considered  to  indicate  the  relative  effects  of 
roughness  with  respect  to  the  performance  of  a  baseline  of 
vanes  with  smooth  pressure  and  suction  surfaces. 
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TV.  EXPEPTym'-  AL  REEULTP  AND  DISCUSSIOE 


'’’wo  models  of  comprepcor  vane  roinhness  were  selected  to 
determine  the  effect  of  surface  rouohnesr  on  vane  performance 
in  cascades.  These  models  were  tested  in  a  total  of  four 
conf ipurations:  both  sides  smooth,  both  rides  roueh,  pressure 
side  rough  with  the  suction  side  smooth,  and  suction  side 
rouqh  with  the  pressure  side  smooth. 

The  coefficient  of  drag  along  v/ith  the  velocity  and 
turbulence  intensity  profiles  were  chosen  to  evaluate  the 
effects  of  surface  roughness  on  the  flow  field  for  this 
investigation. 

Velocity  an-’’  "’urhulerco  Tntensity  Prof  lies 

The  velocity  and  turbulence  intensity  data  for  all  tests 
v/as  plotted  for  the  five  data  nlanes,  each  of  which 
corresponds  to  one  traverse  of  the  flow  field  at  a  position 
downstream  from  the  vane  trailing  edoe.  '"he  plotted  velocity 
values  were  non-dimens  icnal  ized  bv  dividing  the  measured 
velocity  at  each  data  location  by  the  velocity  at  the  cascade 
inlet,  '"here  values  were  then  multiplied  bv  550  feet  per 
second  to  allow  an  easy  comparison  of  the  data  obtained  for 
the  various  configurations  investigated.  This  procedure  was 
chosen  to  eliminate  the  effects  of  small  chanoes  in  ambient 
temoerature  and  pressure  v^hich  occured  from  test  to  test  and 
resulted  in  changes  of  the  inlet  velocity  to  the  cascade. 

The  resulting  velocities  for  each  of  the  100  data  points 


at  each  traverse  plane  were  plotted  as  a  peans  of  coirparinq 
the  effects  of  different  vane  surface  roughnesses.  These 
plots  reflect  both  the  X  and  Y  components  of  velocity  v;hich 
have  been  resolved  into  vectors  representing  the  magnitude 
and  direction  of  the  flow  at  the  aiven  data  point.  The  orioin 
of  the  vector  is  the  point  at  which  the  data  v/as  measured 
v/hile  the  direction  and  lenoth  represent  the  actual  flov? 
magnitude  and  direction  when  interpreted  through  use  of  the 
scale  factor  for  the  representative  riot. 

The  turbulence  intensity  v;as  calculated  from  the  rms  X 
and  Y  components  of  the  dvnamic  velocitv  through  use  of  the 
following  relation; 

Turbulence  Intensitv®  rms  Velocity /Mean  Velocitv  (7) 

'^hese  values  were  Plotted  on  the  same  figures  as  the  velocitv 
Profile  vectors  with  the  origin  as  the  data  point  location 
and  the  magnitude  and  direction  representative  of  the  values 
measured  when  interpreted  with  the  proper  scale  factor.  This 
format  of  presentation  allowed  a  comparison  between  the 
velocity  values  and  the  respective  turbulence  intensity  for 
both  the  individual  data  points  and  the  flow  field  in 
general. 

»  small  shift  of  the  velocitv  decrement  toward  the 
positive  Y  direction  is  evident  at  stations  farther 
downstream  from  the  vane  trailing  edge  for  all  plotted  data. 
'T'his  is  a  result  of  a  3  degree  misalianment  of  the  probe 
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travprser  with  respect  to  the  actual  flow  direction.  ™he 
result  is  a  shift  of  the  point  at  which  data  is  taken  in  the 
flow  at  stations  farther  downstream  from  the  trailing  edge  of 
the  vane.  It  should  be  noted  that  this  shift  is  not  a  product 
of  any  changes  in  the  flov;  direction,  but  merely  a  change  in 
the  location  of  data  •measurement  which  does  not  affect  the 
results  in  any  way  when  interpreted  appropriately. 

The  results  of  the  srrooth  vane  test  are  presented  in 
Fiaure  5.  These  five  plots  display  the  velocity  and 
turbulence  intensity  profiles  for  each  of  the  five  data 
Planes  investigated.  obvious  velocity  deficit  is  visible 
v;ith  a  high  initial  decay  rate  which  reduces  further  alone 
the  flow  as  evidenced  through  comparison  of  plots  5a  through 
5e .  High  turbulence  intensities  can  be  seen  in  the  wake 
directly  behind  the  vane  trailing  edge.  These  levels  reduce 
at  each  successive  traverse  at  locations  farther  downstream 
from  the  vane  trailing  edge.  Both  the  velocity  decrement  and 
turbulence  intensity  contours  are  narrow  and  pronounced  at 
the  initial  traverse.  These  levels  are  reduced  and  become 
consistently  broader  at  stations  farther  dovrnstream  frOT"  the 
vane  trailing  edge. 

A  verification  of  reoeatibility  was  performed  using  the 
smooth  vanes.  This  was  done  running  a  second  tost  of  the 
same  vanes  an^  co’mparino  the  velocity  and  turbulence 
intensity  profiles.  The  section  coefficient  of  drag  was  also 
calculated  for  both  tests.  The  results  of  the  second  test 
were  to  within  less  than  one  half  of  one  percent  of 


differerce  with  respect  to  the  initial  smooth  vane  test.  The 
velocity  and  turbulence  intensity  profiles  for  the 
repeatibili ty  test  are  presented  in  Anpendix  P. 

The  results  of  the  test  with  roughness  on  both  sides  of 
the  vanes  are  oresented  in  Figure  6.  "^he  same  characteristic 
turbulence  intensity  and  velocity  deficit  and  decav  behavior 
in  the  wake  of  the  vane  are  exibited  as  v;ere  seen  for  the 
smooth  vanes,  however,  the  level  of  free  stream  turbulence 
intensitv  increases  signif icantlv  at  stations  farther 
downstream  from  the  vane  trailing  edge  while  the  region  of 
turbulence  in  the  v/ake  becomes  progressi'relv  wider. 

Figure  7  oresents  the  results  of  the  test  of  vanes  with 
roughness  on  the  oressure  side  of  the  airfoil  alono  with  a 
smooth  suction  side  surface.  The  behavior  of  the  velocity  is 
similar  to  that  of  the  smooth  vanes  (Pig  5).  "^be  free  stream 
turbulence  intensity  remains  at  the  same  level  throughout  the 
flow,  whereas  the  wake  region  turbulence  intensitv  broadens 
on  the  suction  side  v'hile  progressing  to  stations  farther 
downstream  from  the  vane  trailing  edge. 

Figure  8  presents  the  results  of  the  test  of  vanes  with 
a  rough  suction  side  surface  alone  with  a  smooth  pressure 
side  surface.  A  shift  of  the  flow  towards  the  pressure  side 
can  be  seen  at  stations  farf^er  downstream  from  the  vane 
trailing  edge.  The  level  of  free  stream  turbulence  remains 
constant  along  the  flow  direction  while  there  is  a  broadening 
of  the  turbulence  intensitv  on  the  suction  side  in  the  near 
wake  region. 
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Examination  of  the  velocity  and  turbulnce  intensity 
contours  in  Apoendix  C  further  substantiates  the  results 
discussed  above.  Each  line  on  the  clots  is  a  contour  of 
constant  value  which  exists  from  plane  to  plane,  "i^hese 
contours  allow  a  visible  evaluation  of  the  trend  of  the  data 
through  comparison  of  the  Plots  from  the  various  testinq 
conf iourations. 

Copoarison  of  the  results  of  the  rough  surface  vane  test 
(Fig  6)  with  the  srooth  surface  vane  test  (Fiq  5)  reveals 
differences  in  both  the  velocity  and  turbulence  intensity 
Profiles.  Although  the  free  stream  velocity  is  the  same  for 
both  tests,  the  velocity  deficit  for  the  rough  blades  is 
greater  at  the  initial  traverses,  but  becomes  the  same  bv  the 
final  traverse.  The  location  of  the  velocity  deficit  for  the 
rough  blades  is  visibly  shifted  tov^ard  the  pressure  side  of 
the  vane.  A d'^i tional ly,  the  rough  vane  surface  turbulence 
intensity  is  greater  in  both  the  free  stream  and  the  v/ake 
regions,  a  truncation  of  the  turbulence  intensity  in  the  wake 
is  evident  on  the  suction  side  of  the  vane  along  with  a 
broadening  in  the  near  wake  wake  region  on  both  sides; 
considerably  more  so  on  the  pressure  side,  a  large  increase 
in  the  free  stream  turbulence  intensity  is  visible  for  the 
rough  surface  vanes. 

Comparison  of  the  rough  pressure  side  surface  vane  test 
(Fig  7)  with  the  results  of  the  smooth  surface  vane  test  (Fig 
5)  reveals  only  slight  ef'ects  on  the  flov?.  '^he  velocity 
profile  is  nearly  identical.  A  slightly  higher  free  stream 


turbulence  intensity  level  (truncated  on  the  suction  side  of 
the  vane)  is  visible  in  the  wake, and  is  accoipoanied  by  a 
small  increase  in  the  near  wake  turbulence  intensity  on  the 
pressure  side. 

The  effects  of  rouqhness  on  the  suction  side  of  the  vane 
surface  (Fin  8)  are  nearly  as  significant  as  rouqhness  on 
both  sides  when  compared  to  the  smooth  surface  vane  test  (Fiq 
5).  The  free  stream  velocity  is  identical  for  both  the  smooth 
and  rough  configurations  whereas  the  velocity  decrement  is 
both  nreater  and  shifted  towards  the  nressure  side  for  the 
suction  si'^e  rouah  vanes  at  locations  near  the  trailing  edge. 
The  free  strea''  tur>^ulenco  intensity  is  on  the  same  order  as 
the  smooth  vanes,  but  the  wake  values  are  greater  on  the 
suction  side.  The  suction  si'^e  also  eribits  a  trunction  of 
the  turbulence  intensity  in  the  wake.  The  pressure  side 
exibits  a  broadening  of  the  turbulence  intensity  in  the 
region  near  the  wal^e. 


Coefficient  of  Drag 

The  results  of  the  calculation  of  the  coefficient  of 
drag  are  rrerentod  in  Table  TI.  The  effect  of  roughness  can 
be  seen  for  all  tP'=ts  with  rough  surfaces  bov;ever,  the 
difference  in  the  coefficient  of  drag  is  not  oreat.  "^his  is  a 
result  of  the  hiah  angle  of  attack  which  caused  a  seoaration 
of  flex'?  over  the  vanes.  The  separated  condition  tended  to 
wash  out  the  effect  of  the  roughness.  Tho  largest  coefficient 
of  drag  resulted  from  the  vanes  vdth  roughness  on  the  suction 


side  surface  alone  with  a  smooth  pressure  side,  '"he 
coefficient  of  drae  for  the  vanes  with  roughness  only  on  the 
oressure  ri'^e  was  eoual  to  the  coefficient  of  draq  for  the 
vanes  with  rouehnens  on  both  sides.  The  smooth  surface  vanes 
rroduced  the  lov/est  coefficient  of  drag.  The  probable  effect 
of  the  roughness  cn  the  suction  side  was  to  energize  the 
boundary  laver  near  the  leadinn  edge  of  the  airfoil  thereby 
maintaining  the  flow  in  an  attached  state  for  a  short 
additional  distance  along  the  vane,  ""his  was  substantiated  by 
the  exibited  truncation  of  turbulence  intensity  on  the 
suction  si'^e  of  the  vane  accompanied  by  an  increase  in  the 
magnitude  of  the  upper  wake  values. 
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V.  Conclusions’  and  ^.sco^mendations 


Conclusions 

Surface  roughness  does  affect  the  flow  over  outlet  guide 
vanes  at  high  Reynolds  number  and  high  turning  angle.  The 
effect  manifests  itself  through  an  increase  in  the  momentum 
deficit  of  the  flow  caused  by  the  vanes.  This  increase  in 
momentum  deficit  represents  a  decrease  in  the  performance  of 
the  vanes  as  was  indicated  by  the  increased  coefficient  of 
drag  for  vanes  with  roughness  on  one  or  both  sides.  ’Addition¬ 
ally,  surface  roughness  caused  a  change  in  the  character  of 
the  flow  which  is  evident  from  the  visible  shift  of  both  the 
velocity  and  turbulence  intensity  profiles  in  the  flow  ,  The 
effects  were  most  significant  for  the  configuration  of  rough¬ 
ness  on  the  suction  side  of  the  vane  with  the  pressure  side 
smooth.  The  high  ancle  of  attack  caused  separation  of  the 
flow  over  the  vanes  which  reduced  the  ability  to  determine 
the  effects  of  roughness. 

Recommendations 

»  further  investigation  of  the  effects  of  rough  compres.- 
sor  vanes  should  be  performed  with  an  exner imental  setup  at  a 
lower  angle  of  attack  in  order  to  maintain  attached  flow  over 
the  vanes.  This  configuration  would  provide  more  visibility 
of  the  effects  of  the  roughness.  Test  vanes  should  be  made 
from  metal  using  production  manuf ^ . tur ing  methods  to  better 
model  actual  vanes  in  use. 
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ftopentiix  ^t  Test  Data  Output 

Example  pages  of  the  data  acauisition  and 
reduction  system  raw  and  reduced  data  are  presented  on 
the  following  pages.  The  pressure  and  temperature  data 
are  the  basic  data  which  are  used  to  calculate  the 
velocity  data.  The  data  presented  is  representative  of 
that  of  all  experimental  tests  performed. 


riLB 

NAME  02T4 

PRESSURE  and  -rEMPERAfUIIE 

DATA 

PAGE  .40. 

12 

DATA 

P*  throat 

Pa  axlt 

Pt  tank 

P  aablant 

Pt  ajactoc 

Tt  tank  T 

aablant 

POX::ITS 

PSIG 

PSIC 

PSIG 

PSIA 

PSIG 

Da9  P 

Das  P 

1 

-.384 

-.019 

1.S03 

14.266 

-.090 

99.906 

72.227 

2 

-.383 

-.019 

1.501 

14.267 

-.078 

100.097 

72.379 

3 

-.383 

-.018 

1.S02 

14.267 

-.078 

100.226 

72.468 

4 

-.384 

-.019 

1.498 

14.267 

-.073 

100.398 

72.290 

S 

-.383 

-.019 

1.S05 

14.267 

-.078 

100.552 

72.093 

6 

-.383 

-.019 

1.501 

14.267 

-.078 

100.700 

72.112 

7 

-.383 

-.017 

1.510 

14.267 

-.073 

100.811 

72.049 

8 

-.382 

-.019 

1.509 

14.267 

-.073 

100.915 

71.979 

9 

-.381 

-.018 

1.509 

14.267 

-.067 

101.026 

71.871 

10 

-.382 

-.018 

1.500 

14.267 

-.073 

101.087 

71.801 

11 

-.381 

-.018 

1.510 

14.267 

-.078 

101.173 

71.756 

12 
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